The effects on porcine arterial structure and permeability of a 4-hour in vitro incubation at 37°C in eight different blood-derived and synthetic nutrient media were examined. Changes in arterial permeability were inferred from the normalized, 1-hour, pressurized, transendothelial uptake (M/c t cm) of porcine l25 I-albumin in 60 porcine aortic tissue preparations using an organ-support system. The organ-support system provided experimental control of ambient gas composition, temperature, transmural pressure, flow (stirring), and nutrient media at a number of sites along the vessel. Light and electron microscopic (scanning and transmission) structural correlations with the observed permeability changes were examined. The M/c 0 from the autogenous serum (AS) medium was used as the "control" measurement in each vessel preparation. (Grand mean M/c 0 for AS from all studies was 0J12±0.011 [xlO~3] [mean±SEM] cm, n=60.) For brevity, M/c 0 values from the other media are expressed below as a percentage of the corresponding paired Af/c, from the AS. Uptake from heparinized autogenous blood was 113±9% of that from AS (p=0.119); from heparinized autogenous plasma was 135± 10% (p=0.048); from AS+heparin was 97±5% (p=0.498); from pooled porcine serum was 113±9% (p=0.037); from a synthetic medium was 131 ±8% (p=0.004); and from a physiological hetastarch solution was 532±8% (p=0.0002). Associated light microscopic structural changes and ultrastructural changes were not found. We conclude that 1) incubation with AS and heparinized blood (both of which are autogenous blood substances containing platelet products or platelets) provided the best support for the endothelial barrier function, whereas heparin plasma, pooled serum, a synthetic medium, and particularly hetastarch provided poorer support; 2) arterial permeability can increase significantly without discernible endothelial ultrastructural changes; and 3) AS and to a lesser extent heparin blood should provide a suitable nutrient medium for short-term (<4-hour) metabolic support of the endothelial surface and subjacent tissues. A understanding of the essential factors required for optimum metabolic support of excised blood vessels in vitro is of considerable interest in many areas of vascular biology. In studies of basic vascular biology, the development of an appropriate, metabolically supported, in vitro arterial preparation would provide an important experimental bridge between tissue-culture methodology and in vivo experimentation. For example, unlike those in a tissue-culture system, the cells in such an organ-support system (OSS) would continue to communicate with their normal matrix milieu and cellular cohorts. Unlike the in vivo state,
A understanding of the essential factors required for optimum metabolic support of excised blood vessels in vitro is of considerable interest in many areas of vascular biology. In studies of basic vascular biology, the development of an appropriate, metabolically supported, in vitro arterial preparation would provide an important experimental bridge between tissue-culture methodology and in vivo experimentation. For example, unlike those in a tissue-culture system, the cells in such an organ-support system (OSS) would continue to communicate with their normal matrix milieu and cellular cohorts. Unlike the in vivo state, the OSS technology would permit greatly enhanced experimental control of pressure (P), flow, reagent composition, time (t), etc., at a number of sites along a vessel. Moreover, the OSS type of approach is the only avenue by which detailed mass transport, metabolic pathways, responses to controlled injury, etc., can be studied in both animal and human donor vessels. Of the many in vivo variables that must be approximated to obtain a valid physiological preparation, the choice of a practical incubation medium is critical. This experimental variable has received very little attention by previous investigators.
In the present work, we have analyzed the effect of various natural and synthetic incubation media on endothelial-intimal structure and on the 1-hour transendothelial intimal-medial uptake of m I-albumin. A variety of studies have suggested that short-term changes in the rate of arterial transendothelial macromolecular uptake can provide a sensitive estimate of altered hemodynamic, pharmacological, or metabolic events and may represent the most sensitive means by which changes in endothelial function can be studied. 1 -8 Under normal conditions, the endothelial system (cells, grycocalyx, basement membrane, etc.) provides the major barrier to the intimal-medial uptake of serum macromolecules such as 125 I-labeled serum albumin. 2 " 13 Thus, during the initial (<1 hour) uptake period of such molecules, transendothelial transport appears to be governed predominantly by the barrier properties of the endothelial system and only to a small extent by the properties of the subjacent medial system.
2 -6 -9 - 13 In view of this, we have chosen in this report to use the term "endothelial barrier function" metaphorically to recognize this dominant role in determining the magnitude of the 1-hour uptake of 125 I-albumin. This is not to say that the medial properties can be ignored, particularly during the latter part of the 1-hour exposures to 125 I-albumin such as were used in the present study. Moreover, the reader should be aware that when the endothelial surface becomes significantly damaged, the major barrier to transport, although significantly decreased, appears to shift to the intimal-medial junction and/or to the medium itself. This loss of endothelial competence is manifested by a greatly increased uptake rate and by probable changes in the transport constitutive properties of the subjacent intimal-medial tissue system itself, e.g., an increased medial diffusivity, distribution coefficient, etc.
349 - 14 In any case, short-term intimalmedial changes do not appear to occur without associated antecedent endothelial dysfunction.
In light of the foregoing, the present work was based on three premises: 1) Changes in the 1-hour uptake of 125 I-albumin under an appropriate controlled set of paired experimental conditions can be used as a valid, if not specific, measure of changes in the endothelial barrier function.
2) The chemical activity 1011 of albumin is not influenced by the composition of the incubation medium being studied.
3) The incubation medium that supports the endothelial barrier function best will be the optimal medium for in vitro experimental studies of arterial function. To identify the optimal incubation medium, we have chosen to compare a standardized ( t = l hour, P=100 mm Hg, 37°C, pH 7.4, stirred medium) in vitro transendothelial intimal-medial uptake of porcine 125 I-albumin after a 4-hour incubation of the porcine aorta in various well-defined nutrient milieus. A paired experimental design was used for comparison of the uptake from stirred autogenous venous serum (AS) to the corresponding uptakes from stirred 1) autogenous arterial serum (AS A ), 2) autogenous heparinized blood (HB), 3) heparinized autogenous plasma (HP), 4) AS with heparin (AS+heparin), 5) pooled porcine serum (PS), 6) media of Bjornheden et al (Bj), 15 and 7) hetastarch (HET) 16 in physiological porcine electrolyte-glucose solution (PES). Finally, two long-term pilot studies were done to help define problems associated with in vitro incubation of vessels in excess of 30 hours.
Methods

Incubating Reagents
Porcine AS was prepared immediately after jugular phlebotomy and frozen at -80°C until used. Porcine ASA, HB, and HP were prepared from arterial blood just before study. The heparin dosage for the blood and plasma was 6 units heparin sodium/ml plasma. Autogenous AS+heparin was prepared by adding the same dosage of heparin to AS for comparison with the HB and HP media. A 15% solution of AS in a physiologically balanced PES (AS/PES) was used as the vessel harvest medium. A 25% AS in PES solution was used as the nutrient medium on the adventitial surface of the vessel in the OSS to simulate the adventitial interstitial fluid. (The PES is described in "Appendix A.") Frozen PS was prepared from freshly drawn blood obtained at a local abattoir (Ohio Packing Company, Columbus, Ohio). Each batch of PS was made by pooling 200 ml serum from each of 15-25 different pigs, after which it was frozen and stored at -80°C until used. The semisynthetic media (Bj) of Bjornheden et al 15 was made in accordance with their published recipe except that complement-inactivated (56°C) autogenous porcine serum was used instead of complement-inactivated pooled serum.
A synthetic plasma substitute, HET* 16 (Hespan; 6% HET in 0.9% saline solution; Du Pont Critical Care, Wilmington, Del.), also was studied. The HET medium was made by diaryzing Hespan in 12,000-14,000 molecular-weight-cutoff Spectra/Por dialysis tubing against PES ("Appendix A"). Finally, a 25% AS in PES solution containing 4 g/dl of tissue culture-tested bovine serum albumin (BSA; Collaborative Research, Inc.) was used as the nutrient medium in two pilot studies for studies of permeability and structural changes associated with prolonged incubation (>30 hours). Because only a limited volume of AS can be obtained from a given animal, dilution with PES+4% BSA was necessary to achieve sufficient total volume for refreshment of the nutrient media every 3 hours throughout the extended incubation periods of these studies.
During the initial preparation, all reagents were cultured, after which a broad-spectrum antibiotic was added (300 //.g ticarcillin [Timentin] or 100 fig of ceftizoxime sodium [Cefizox] per milliliter of reagent). This dosage does not affect endothelial permeability (D.L. Fry, unpublished observations). All reagents except HB were filtered through a 0.2-^im filter. All reagents were cultured immediately before and again after the intimal incubation periods. Culture-positive reagents were not used in these studies.
The pH, PCO2, HCO3", and POj were measured (Radiometer ABL30) initially for each reagent in each study. When necessary, the HCO 3 " concentration of the reagents was adjusted to that of the aortic donor by adding NaHCO 3 or acetic acid so that the HCO 3 " *The product information as well as Reference 16 indicates that HET is a modified glucose polymer resembling glycogen. It is made from amylopectin, into which hydroxyethylether groups have been added to retard its metabolic degradation. The modified starch is hydrolyzed to produce a colloid solution with an average molecular weight of -450,000 (range, 10,000-1,000,000). This product has been widely studied and used in animals and humans as an effective temporary substitute for blood plasma in the treatment of hypovolemic shock. 16 Apart from interfering with the blood coagulation system at very high doses, the substance appears to be nontoric and nonallergenic. It is gradually hydrolyzed into smaller segments and excreted by the kidney. concentration of all incubation media for a given study were the same and equal to the in vivo value from the donor. The PCO2 was adjusted in accordance with the HCO3" concentration to give a pH of -7.4 in all media as detailed subsequently.
Radiolabeled Reagents
Twenty-five milligrams of purified porcine albumin (Cappel; Organon Teknika, Durham, N.C.) was iodinated by a modified McFarlane procedure. 17 The product was exhaustively dialyzed (50,000 molecular-weight-cutoff Spectra/Por membrane) against multiple changes of 0.1 M EDTA in a 0.9% saline solution over a period of 4 days to remove residual diffusible 123 I species of <50,000 molecular weight (to < 1 % trichloroacetic acid-soluble radioactivity). Radiolabeled reagents were made by adding aliquots of this Evans blue dye (EBD, in a 0.3 molar ratio to the serum albumin) was added as a "disclosure agent" to each of the radiolabeled reagents to indicate areas of inadvertent mechanical injury during harvest and preparation of the tissue. In serum, EBD binds reversibly to the serum proteins, mostly to albumin. Loss of the endothelial barrier results in an intense binding of the dissociated portion of the EBD to the subjacent glycosaminoglycan matrix, which has an equal or greater binding affinity for the dye than does albumin. 18 In contrast, the barrier function of the normal endothelial surface is greater for the EBD-albumin complex than for the noncomplexed albumin. 9 ' 18 Accordingly, regions of deendothelialization become much more intensely blue stained than intact regions, thereby sharply demarcating deendothelialized zones from adjacent noninjured endothelial surfaces. These features provide an excellent visual way to exclude the discrete areas of inadvertent mechanical damage in the OSS methodology. These intensely stained areas were excluded from subsequent structural and 125 I-albumin uptake analyses. Those portions of the intimal surface that lack such intense EBD staining have been consistently shown to be covered with an intact endothelial surface in the present and in previous studies. 3419 
Transport Methodology
All procedures used in this study were carried out in accordance with institutional guidelines regarding the use of experimental animals and were done under aseptic conditions. All animals were fully anesthetized with ketamine (-40 mg/kg body wt) plus acepromazine (-0.04 ml/kg body wt) followed by maintenance doses of sodium pentobarbital, as necessary, before any surgical procedures. The descending thoracic aorta was removed through a left thoracotomy from 60 (89±5 kg [mean±SD]) young adult (3.3±0.7-year-old) Sinclair Research Farm minipigs (University of Missouri, Columbia, Mo.). The excised vessel was slowly relaxed (to minimize potentially damaging viscoelastic and myogenic stresses in the tissue), immersed in an ~37°C AS/PES bath, and dissected free of excess adventitial tissue. As shown in Figure 1 , the vessel was then opened longitudinally along its dorsal aspect through the intercostal orifices (panel A), FIGURE 1 stretched slowly to its in vivo length (panel B), and clamped as a flat sheet along each longitudinally cut edge, endothelial side up, in a specially designed adjustable tissue-holding device (panel C). The tissue holding device was then adjusted slowly to restore the former in vivo circumferential dimension. (During this and subsequent procedures, the intimal surface was maintained under oxygenated AS/PES.) As shown in Figure ID , the sheet of tissue was then captured in a well assembly consisting of two devices with matching intimal and adventitial well chambers that partitioned the arterial wall into 18 1.20-cm square (1.44-cm 2 ) independent regions for study. The adventitial chambers were filled with 25% AS in PES to simulate adventitial interstitial fluid. Each of the matching intimal chambers (wells) was filled with one of the incubating reagents noted previously for the 4-hour incubation periods in accordance with the experimental protocols described below.
The desired transmural pressure was obtained by attaching an appropriate negative-pressure (gauge) source (P in Figure ID ) to the corresponding adventitial chamber. In the present study, all wells were pressurized at P=100 mm Hg to simulate a physiological mean blood pressure. An oscillatory-flow-jet assembly was attached to the top of the well device for continuous stirring of the nutrient medium. The assembly provided a flow nozzle that extended into the nutrient reagent of each well. The efflux was directed 3 mm above and parallel to the intimal surface across the diagonal of each of the wells. Each nozzle was attached to a sinusoidal pumping system, which created an -72 cpm oscillating flow as a crude simulation of in vivo blood flow. The volume of each cycle was approximately 0.25 ml, which corresponded to about 10% of the reagent volume (~2.5 ml) in the well or to -20 ml of reagent moved per minute in each well. This intensity of stirring was shown to abolish concentration gradients in the nutrient media and to prevent sedimentation of the cells in the HB wells.f After these preparative procedures, the tissue holding device containing the tissue in the well assembly was transferred into the chamber of the OSS to begin the incubation period. The OSS consisted of a transparent chamber in which the temperature and composition of the gas environment surrounding the tissue holding device was rigorously controlled. The desired temperature and 100% humidity (to minimize nutrient media evaporation or uptake of water) was achieved by circulation of 375°C water under the tissue holding device across the lower surface of the OSS chamber from a thermostatically controlled water heater-pump (PolyScience, Niles, 111.) and by circulation of the humidified gas around the tissue holding device at 37°C with a thermostatically controlled heater-blower unit (Nicholson Precision Instruments, Gaithersburg, Md.). In addition, a refreshment flow of CO 2 and O 2 was introduced continuously into the efflux port of the water heater-pump supply line to the OSS for warming and humidification before it reached the OSS chamber.
The gas composition in the chamber was monitored continuously using a DATEX Normocap 202 PCO2-PO2 Monitor (DATEX Medical Instrumentation, Inc., Tewksbury, Mass.). The CO 2 in the refreshment flow was adjusted so that the PCO2 in the humidified atmosphere of the OSS was maintained at a value consistent with a nutrient medium pH of 7.40 and the serum HCO 3~ concentration for that particular tissue donor.
tThe magnitude of the stirring that was described in the text was shown to prevent development of "concentration boundary layers" at the blood-intimal interface and to act as a crude mechanical simulation of blood flow. This degree of stirring produced complete mixing of EBD in less than 10 seconds and also prevented red blood cell sedimentation. Concentration boundary layers of 125 I-albumin and ^I-low density lipoprotein have been shown to form at the pressurized, nonstirred, deendothelialized interface. 14 For interpretation of the present and future work, it is important to look for similar effects at the interface of the normal, intact endothelial surface. To do this for 125 I-albumin in AS, the 1-hour, pressurized, transendothelial uptake (M in mg/cm 2 ) after a 3-hour equilibration period was evaluated in nine separate vessel preparations under stirred and nonstirred conditions. It was shown that the normalized uptake, Mlc 0 (in cm, where c a is the albumin concentration in the medium as noted subsequently), from stirred AS was 0.249±0.019 (xHT 3 ) cm compared with 0.236±0.020 (xl0~3) cm from nonstirred AS (n=9, p=0.246). Thus, albumin uptake across the endothelial surface appears to be insensitive to the aforementioned degree of mechanical convection in the nutrient medium. This indicates that interfacial concentration gradients of albumin at the normal pressurized endothelial surface have a negligible effect on uptake. In six of these studies, the associated pH, Pcch (HCOj"), and P02 of the AS after 3-hour incubation in the OSS also were compared in stirred and adjacent nonstirred wells to evaluate possible gradients of these smaller metabolic molecules. The respective results for stirred versus nonstirred wells were 1) for pH, 7.4O±0.01 (mean±SEM) versus 7.41+0.02 (p>0.50); 2) for Pco 2 , 48.2±1.2 versus 47.5±2.4 mm Hg (p>0.50); and 3) for POj, 358±6 versus 269+18 mm Hg (/><0.002). The foregoing data suggest that significant O 2 (but not albumin, pH, or Pcch) gradients can exist across the nonstirred nutrient medium. Accordingly, the mechanical convection described above was adopted for the OSS methodology to ensure adequate mixing and oxygenation at the endothelial surface.
The requisite (dry) Pco^, that was required was determined from the relation
in which PCO2D is the partial pressure in the "dry" gas entering the analyzer from the OSS, P A is the barometric pressure, and 47 mm Hg is the vapor pressure of water at 37°C.
After a 3-hour incubation, the nutrient reagent in each well was sampled for culture, chemistries (Roche Biomedical Laboratories, Inc., Columbus, Ohiot) pH, gas partial pressures, and, in the case of blood, the hematocrit (Hct). In the two long-term pilot studies, the reagent was replaced every 3 hours for 30 hours in one study and every 3 hours for 48 hours in the other. After the incubation periods in all of the studies, the nutrient medium was aspirated completely and replaced with the corresponding fresh incubation medium, to which had been added the l25 I-albumin and EBD for a further 1-hour incubation period to determine the t=1-hour intimal-medial uptake of radioactive albumin.
At the end of the 1B I-albumin exposure period, reagent samples were taken from each well to determine the concentrations of radioactive iodide, iodotyrosine (by thin-layer chromatography 20 ), and radiolabeled albumin (c 0 ; mg/cm 3 ) in the nutrient medium of each well. The balance of the reagent was completely aspirated and replaced with 3% glutaraldehyde in phosphate buffer, immediately after which the pressure-induced centerpoint deflection (H-0 ; cm) of the intimal surface was determined using a special displacement measuring device. 21 The system was then depressurized and the well assembly removed. The tissue holding device with tissue was then transferred to a phosphate-buffered 3% glutaraldehyde bath for completion of an 18-hour period of tissue fixation and further elution of free iodide.
Calculation of
After the fixation period in the stretched, unpressurized state, the tissue of each well bottom was carefully excised along the well margins and weighed to obtain the weight (wto) of the square piece of tissue comprising the entire well bottom. Then the aforementioned dark blue-stained areas of overt intimal injury adjacent to the well walls were generously trimmed, leaving an unstained central rectangular specimen. §
The weight (wt t ) of the remaining trimmed tissue was used to calculate the (unfixed, stretched, P=0) intimal area (A,) of the tissue specimen from the following relation:
fTTie reproducibility and accuracy of the chemistry values from Roche Laboratories were checked frequently by periodic submission of blind duplicate samples as well as known calibration solutions.
§The distance from well center to the edge of the trimmed specimen never exceeded 80% of the untrimmed dimension. (See last paragraph of "Appendix B.") in which 1.44 cm 2 is the (known) intimal area of the unfixed, stretched (but unpressurized) tissue that originally comprised the bottom of the well, wto is the weight of that specimen, and wt, is the weight of the final trimmed specimen.
The radioactivity (jiCi) of the trimmed specimen was measured (LKB Compugamma gamma counter, Pharmacia/LKB Instruments, Gaithersburg, Md.) to obtain the amount of radiolabeled albumin that had been taken up by this specimen during the t=1-hour exposure. The corresponding measured uptake (M m ; mg/ cm 2 ) of the albumin was calculated from the measured radioactivity (fid) and the intimal area (A,) of the specimen (in the unfixed, P=0 state) by
in which KQ is the specific activity of the reagent (/xCi/mg albumin), which was calculated from
in which fid is the radioactivity of an aliquot of the reagent, V (ml) is the volume of this aliquot, c 0 (mg/ml) is the serum albumin concentration in the liquid phase of the reagent, and Hct is the hematocrit, which except for the blood reagent was zero. 
Light Microscopy
After the aforementioned procedure, the fixed and trimmed tissue specimens from all wells of each study were prepared for structural studies. Each specimen was trisected, one portion for light microscopy and two portions for electron microscopy. The tissues for light microscopy from each experiment were embedded as an ensemble in one block of glycolmethacrylate, after which 4-^.m-thick sections were cut, mounted on glass slides, and examined with three types of plastic section stains: 1) modified Lees, 2) methylene blue-azure II, and 3) Culpepper's elastin stain.
Electron Microscopy
Comparative scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were done in two of the experiments from each set of experiments to assess ultrastructural changes associated with the imposed experimental conditions noted previously. After the 18-hour glutaraldehyde-fixation period, a sample to be studied by SEM was washed in 0.1 M phosphate buffer (pH 7.40) for 30 minutes, postfixed in 1% OsO 4 A portion of the same glutaraldehyde-fixed tissue specimen was also prepared for TEM; it was postfixed in 1% OsO 4 for 1 hour, dehydrated through a graded series of ethyl alcohol concentrations, embedded in Maraglas, and sectioned with a diamond knife. Silvergold sections were placed on 200 -mesh naked copper grids, stained with uranyl acetate and lead citrate, and then examined with a Hitachi HU-12 TEM (Hitachi Instruments, Inc., Conroe, Tex.).
Protocols
Uptake has been shown by Bell et al 22 to be greater in the ascending aorta than in the lower thoracic and abdominal aortas. We have confirmed that the uptake of l25 I-albumin tends to decrease along the descending thoracic aorta (D.F. Fry, unpublished observations). Therefore, selected pairs of reagents to be studied were assigned to the 18 wells of the well assembly ( Figure  ID ) in a replicate design so that comparisons of uptakes from each reagent could be made at a number of adjacent sites along the vessel. Except for the two pilot studies, the uptake from stirred AS was used as the standard of reference in each preparation. Thus, stirred AS was assigned to alternate "control" wells along the vessel, with one of the other nutrient reagent media assigned to the intervening "test" wells in an alternating pattern. Accordingly, the uptake from each of these test wells could be compared with the interpolated uptake from the two adjacent AS wells. The sets of average M/c 0 cm (xlO 3 ) test data are presented below with their paired control (AS) data in tabular form for each set of experiments. Comparison of the mean Af/c o ±SEM for the interpolated AS control wells and the corresponding test wells for each set of experiments was analyzed with a Student's two-tailed / test for paired data and appears at the bottom of each of the tables.
Results
Chemistries
The various chemical measurements that were done on the nutrient milieu before (t 0 ) and again after the incubation period (t=3 hours) in the OSS are summarized as indicated in the columns of Table 1 . Entries in the rows above the horizontal thin line represent concentrations that changed significantly (/»<0.05) during incubation. It can be seen that the serum glucose, trigryceride, and HCO 3 " values decreased during the 3-hour incubation period. Serum phosphorus and lactic dehydrogenase increased slightly. None of these changes correlated significantly with the corresponding uptakes (R 2 <<0.1). All •Autogenous serum incubation for 3 hours on intact endothelial surface in OSS at 37°C, stirred, P=100 mm Hg, and adjusted concentration of CO 2 (in O 2 ) for pH 7.4. tDespite efforts to maintain 100% humidity, it was found in many of these studies that there was a slight evaporation of water from the nutrient media during the 3-hour incubation period as determined from the corresponding slight increases in albumin concentration (<1%). The post-3-hour concentration of all chemistries has been corrected for the corresponding slight water losses.
other chemical values remained unchanged. In the case of the HB, no evidence of red blood cell damage with stirring was found, i.e., the Hct remained unchanged (35±0.7% versus 34±0.7%, n = 18,/?=0.449) after 3 hours of stirring in the OSS. The thin-layer chromatograms of the radiolabeled reagents detected small (<1%) amounts of free 
Transport
The preparation and use of AS is preferable to AS A for a variety of practical reasons. Accordingly, 10 studies were done to compare the M/c 0 data from freshly prepared AS A to previously prepared frozen AS. Comparison of these M/c 0 data for AS A and AS appears in Table 2 . It shows that the M/c 0 for stirred AS A was 0.355±0.040 (xlCT 3 ) compared with 0.350±0.032 (xl0~3) for the stirred AS (n = 10, p=0.834). In view of the negligible difference between the means, it would appear that the previously prepared frozen AS can be used interchangeably with freshly prepared AS A .
Other potentially useful autogenous products are HB and HP. Comparisons of the M/c 0 data for AS and for HB appear in Table 3 . The comparison with blood showed that the M/c 0 for AS was 0.287±0.025 (xl0~3) compared with 0.323 ±0.029 (xl0~3) for HB (« = 18, /7=0.119). These differences are not significant, suggest- 3 ) for HP (n=7, p=0.048). Because these differences are significant at the p<0.05 level, the data suggest that HP does not support the endothelial barrier function as well as AS.
In view of the aforementioned two studies, comparisons of AS with and without heparin were done to evaluate the possible role of the heparin molecule itself in causing the above differences in M/c 0 . Comparison of the M/c 0 data for AS and AS+heparin appear in Table  5 . It shows that the M/c 0 for AS was 0.290±0.019 (xlO"
3 ) compared with 0.280±0.015 (xlO" 3 ) for AS+heparin (n=8, p=0.498). These data indicate that the heparin molecule by itself does not appear to degrade the endothelial barrier function and, thus, do not explain the increased M/c 0 noted for the HP data in Table 4 .
Compared with AS, the use of previously prepared frozen PS would be economically advantageous. Accordingly, studies were done to evaluate the feasibility of using PS in place of AS. Comparison of the M/c 0 data for PS and AS appears in Table 6 . It shows that the M/c 0 for AS was 0.361 ±0.030 (xlO~3) compared with 0.409±0.038 (xlO"
3 ) for PS (n = 13, p=0.037). These means are significantly different, suggesting that PS Comparison of the uptakes from a semisynthetic porcine medium (Bj, modeled after the semisynthetic rabbit media described by Bjornheden et al 15 ) and AS appears in Table 7 . It shows that the M/c 0 for AS was 0.272±0.017 (xlO-3 ) compared with 0.356±0.027 (xlO~3) for the semisynthetic medium (n=6,p=0.004). These differences indicate that AS supports the barrier function of the endothelial surface better than the semisynthetic medium.
HET (Hespan) is a clinically useful plasma expander, 16 which in theory could provide the oncotic basis for a well-defined, purely synthetic nutrient medium. Several studies were done to evaluate this possibility. Comparisons of the M/c 0 data for AS and HET, which had been dialyzed against the PES solution to yield a normosmolar, normoncotic physiological reagent, appear in Table 8 Figure 2 compactly summarizes the salient differences among the uptakes from the various nutrient media. It can be seen that the uptakes from AS and AS+heparin are the lowest, whereas the M/c 0 values for HP, PS, Bj, and HET are all significantly greater than those of the corresponding AS studies (at the p<0.05 level). The differences in the uptakes from AS and HB were not significant (p=0.119), although there appears to be a trend. Thus, for in vitro studies of 4 hours or less, the present work suggests that AS provides one of the best nutrient media for support of the endothelial barrier function. Conversely, the HET reagent appeared to be least satisfactory.
Finally, pilot studies to explore the effects of longer incubation periods demonstrated that endothelial permeability increased greatly with time despite reagent refreshment every 3 hours. The mean t= 1-hour, P=100 mmHg Mlc Q was 1.23±0.08 (xlO"
3 ) cm (mean±SD; n=6) at the end of the 30-hour study and 1.35 ±0.32 SD (xlO~3) cm (n=5) at the end of the 48-hour study. These high uptakes were associated with modest structural changes as noted below.
Structure
In all preparations, detailed light microscopic study of the 4-/xm glycolmethacrylate-embedded tissue sections stained with modified Lees, methylene blue-azure II, and Culpepper's elastin stains were carried out at magnifications x40 through x400. No difference was found among the control and test tissues from the different preparations. The endothelial cover was found to be continuous, and the subjacent intimal and medial connective tissues and smooth muscle cells appeared normal. At magnifications up to x400, we were unable to detect any evidence of pychnotic nuclei, swollen cells, loss of metachromasia, or interlamellar swelling.
Comparative ultrastructural studies were done on the tissues from two experiments from each set of experiments. Typical SEM photomicrographs from the AS, HB, HP, and HET studies appear in the four panels of Figures 3a-3d , respectively. The intimal surfaces from all studies demonstrate an intact normal endothelial structure with slightly protruding endothelial nuclei and normal junctional detail.
Typical examples of the respective TEM photomicrographs are shown in Figures 4a-4d . The cell membranes, junctional complexes, organelles, and nuclei appeared to be entirely normal in the tissues of the AS, HB, and HP studies (panels a, b, and c, respectively). The only discernible TEM ultrastructural differences were seen in the HET tissues, in which occasional endothelial and smooth muscle cell vacuoles and subendothelial edema were seen. Most of the HET tissues appeared to be normal, as shown in panel d. In no case was there evidence of open junctions or missing endothelial cells to explain the extraordinarily increased uptake from HET that was noted in Table 8 and Figure 2 .
Representative electron photomicrographs of tissues from the long-term incubations in 25% AS (in PES with 4 g BSA/dl) appear in Figure 5 . The SEM studies of the endothelial surfaces revealed normal surface morphology even after a 48-hour incubation in this semisynthetic medium (Figure 5a ). The corresponding TEM studies (Figure 5b ) indicated some increased endothelial vacuolization and nuclear enlargement. These structural data (and particularly the corresponding elevated M/c 0 ) suggest that prolonged in vitro incubation in 25% AS in PES+BSA, even with total replacement every 3 hours, can result in a significantly increased endothelial permeability, with only subtle TEM structural changes and no obvious SEM changes.
Discussion It was shown previously that tissue high-energy nucleotide concentrations of arteries in the OSS remained stable over a 3-hour period. 23 The concentrations of the serum proteins and most of the electrolytes listed below the thin line in Table 1 appeared to remain stable over the incubation period. However, glucose, trigh/ceride, and HCO 3 " decreased significantly. Glucose disappearance was approximately 6.5 /imol/g tissue wet wt/hr (compared with the 11.8 value found by Morrison et al 24 -25 in their oxygenated rabbit aorta preparation). These data suggest that glucose and trigh/ceride are metabolized by the arterial tissue in the OSS. Significant albumin metabolism ( 125 I-tyrosine) was not detected. The decrease in HCO 3~ probably reflects the increase in the serum inorganic phosphate, lactate, and perhaps fatty acids. The 3% increase in lactic dehydrogenase, as well as increased phosphorus, may suggest cellular membrane damage, probably arising from the aforementioned injured peripheral tissue at the well walls.
In the early studies of Bell et al, 22 the in vivo porcine arterial uptake of ^I-albumin was measured at three locations along the aorta: aortic arch, midaorta (the junctional region between the thoracic and upper abdominal aortas), and the lower abdominal aorta. The mean "influx" of albumin that they reported in Table  IV , page 64 of Reference 22 for the midaorta was 8.6 /ig/cm 2 /hr, or an M/c 0 of 0.36+0.06 (xlO" 3 ) cm/hr (n=4). This midaortic region corresponds approximately to the location of wells 15-18 in the OSS of the present study. The grand mean M/c 0 from this region in the OSS for AS was 0.234±0.014 (xlO"
3 ) cm/hr (n=27). Thus, the present in vitro data appear to agree well with the in vivo data of Bell et al. This would be particularly true if at the time that they "punched the tissue disc" samples, the vessels were stretched only enough to make them flat for punching. In either case, the degree of agreement between their in vivo data and the present M/c 0 data supports the validity of the OSS approach for t<4-hour in vitro studies of vascular mass transport. In view of this as well as the evidence in Table 1 for glucose (and perhaps lipid) metabolism, oxygen consumption (see footnote on page 360), and the previously demonstrated maintenance of tissue high-energy phosphate levels, 23 it appears that the OSS provides a suitable environment in which certain characteristics of arterial function can be studied uniquely under controlled experimental conditions. a FIGURE 
Transmission electron photomicrographs of endothelial surfaces after 4-hour incubation in autogenous serum (panel a), heparinized blood (panel b), heparin plasma (panel c), and hetastarch (panel d). Distance between vertical tick marks on horizontal bar=l \xm for all panels.
In the present research, we studied the effect of various nutrient media on the barrier function of the endothelial surface. The M/c 0 data clearly demonstrated significant differences in the transendothelial uptake of the intact endothelial surface with some of the incubation media that were studied. Referring to Figure 2 , it can be seen that the lowest uptakes of I-albumin were from AS (with or without heparin), F£B, and, to a lesser extent, PS. Each of the autogenous reagents appeared to provide approximately equivalent metabolic support of the endothelial barrier function for a period of at least 4 hours. In contrast, the uptake from HP (Table 4) was significantly greater than that from either FIB or AS to which heparin was added. Taken together, the three types of heparin studies (HB, HP, AS+heparin) suggest that platelets or platelet products (both of which are absent in heparin plasma) may be necessary to support the endothelial barrier function. Of additional interest, comparison of the AS data with those from HB or HP in Tables 3 and 4 , respectively, also suggests that biochemical alterations in the AS that were produced by the coagulation cascade did not appear to adversely affect endothelial barrier function or structure.
The endothelial surface from the HET studies demonstrated a uniform, moderately increased EBD staining and a greatly increased M/c 0 ( Table 8) . Evidence of such a severe lowering of the endothelial barrier raises several questions: 1) Is HET a biologic mediator or toxin for the endothelial surface? 2) Does the HET (in a PES solution) lack some essential serum factor for normal endothelial barrier function? 3) Is the chemical activity of the 125 I-albumin greatly increased by HET, e.g., by the "excluded volume effect"? 2 * These questions cannot be answered by the present data. In any case, HET as used in this study is not a suitable nutrient medium for in vitro study of transendothelial macromolecular transport in arteries.
The major advantage of PS over autogenous media would be economy. However, it was shown ( Table 6 ) that PS did not support endothelial barrier function as well as AS did. One explanation for this difference could be acute immunologic injury to the endothelial surface by circulating cytotoxic antibodies and/or complement activation in the PS. In any case, the use of PS as a substitute for autogenous blood products to support in vitro tissues must be approached cautiously with this possibility in mind.
The data given in the present report suggest that one can have significant increases in endothelial permeability to 12S I-albumin without detectable structural changes. Increased endothelial permeability without significant structural changes also has been noted in previous studies of endothelial surfaces exposed to moderately increased hemodynamic forces. stresses, are always associated with a greatly increased intimal-medial uptake of plasma substances. Thus, overt ultrastructural endothelial changes are always associated with an increased permeability, whereas normal endothelial ultrastructure may or may not be associated with an increased endothelial permeability, increased permeability can be associated with ostensibly normal ultrastructure and may reflect either a normal physiological response or perhaps incipient pathological changes.
In conclusion, PS, HP, and particularly the semisynthetic media that were studied appear to affect the endothelial barrier function adversely. In contrast to this, HB and particularly AS appear to support endothelial barrier function well over a 4-hour period. Accordingly, these autogenous media should provide an acceptable nutrient milieu for relatively short-term in vitro metabolic support of arteries in basic biologic studies and for temporary support of excised vessels during vascular surgical procedures.
If in vitro studies must be restricted to the use of autogenous products, major problems arise. One of these is the necessarily limited volume of autogenous product that can be obtained. Continuous or periodic replacement of the medium will not be possible. Moreover, the two long-term pilot studies showed that repeated replacement of the medium with a fresh, diluted AS medium did not resolve the problem satisfactorily, as large increases in endothelial permeability as well as some adverse structural changes ensued. To conserve the limited volume of AS, long-term in vitro studies will require provision for supply of nutrients and perhaps biologic mediators as well as for removal of various metabolites that are generated. The ultimate solution to the problem will require specific identification of the essential nutrients, mediators, and metabolites that influence endothelial function. When these are known, dialysis procedures can be developed for their control, or some sort of purely synthetic nutrient medium can be developed for continuous refreshment.
In the meantime, the changes in chemistry, structure, and endothelial permeability that have been defined by the present short-term studies, as well as the dramatic permeability and subtle structural changes noted in the two long-term pilot studies, point to fundamental issues that must be addressed by subsequent studies. Do the observed changes represent 1) genetic activation of the cells in response to a newly imposed physiological state, 2) exhaustion of some essential factor(s) in the nutrient medium, and/or 3) response to some "vasoactive" or "toxic" metabolite that was generated in the medium or tissue? When answers to these questions have been found, methods can be designed that better simulate the in vivo state and that continuously restore the composition of the nutrient reagent for long-term studies. Then it should be possible to focus on well-controlled studies of arterial cellular and molecular biologic responses to altered hemodynamic, pharmacological, and metabolic events. Although the data that have been presented provide direction and a modest step in this direction, they also indicate that the journey may be a long one.
Appendix A Recipe for Porcine Electrolyte Solution
A PES was designed to approximate the unbound, diffusible crystalloid composition in Sinclair Research Farm minipig plasma (see Table 1 ). The composition of the PES was adjusted empirically to take into account the Gibbs-Donnan and protein-binding properties of the serum composition in Table 1 . The PES solution was used in the present study for the requisite dilutions of AS for harvest, etc., and for the dialysis of commercially available HET (Hespan) to adjust its ionic and glucose concentrations to that of the AS. 
in which e, and e, are the elongating strains in the directions of the x and y coordinates, respectively. The corresponding per unit increase in surface area at each point x,y on the elastic sheet is given by (A3)
\A (x,y) in which &A(x,y) is an arbitrarily small element of area at a point x,y on the surface in its unpressurized state and \A(w Br x,y) is the area of that element in the pressurized state. Substitution of Equation Al and A2 into A3 allows this strained area ratio to be expressed in terms of the centerpoint deflection, w^ Accordingly, if w 0 is measured and the half well width (a) is known, it is possible by numerical integration of Equation A3 between assigned limits of x andy to calculate an average value for the ratio on the left of Equation A3 over any arbitrary portion of the elastic sheet.
It turns out that the value of this ratio is insensitive to the limits of integration along x and y, provided that these lie within jt=±0.8a and y=±0.8a. With this caveat, the ratio depends almost entirely on H>D, and we can write 
